Several image-based FFR methodologies have recently been introduced. Computational fluid dynamics (CFD) simulation applied to cardiac computed tomographic images and Background-Fractional flow reserve (FFR), an index of the hemodynamic severity of coronary stenoses, is derived from invasive measurements and requires a pressure-monitoring guidewire and hyperemic stimulus. Angiography-derived FFR measurements (FFR angio ) may have several advantages. The aim of this study is to assess the diagnostic performance and interobserver reproducibility of FFR angio in patients with stable coronary artery disease. Methods and Results-FFR angio is a computational method based on rapid flow analysis for the assessment of FFR. FFR angio uses the patient's hemodynamic data and routine angiograms to generate a complete 3-dimensional coronary tree with color-coded FFR values at any epicardial location. Hyperemic flow ratio is derived from an automatic resistance-based lumped model of the entire coronary tree. A total of 203 lesions were analyzed in 184 patients from 4 centers. Values derived using FFR angio ranged from 0.5 to 0.97 (median 0.85) and correlated closely (Spearman ρ=0.90; P<0.001) with the invasive FFR measurements, which ranged from 0.5 to 1 (median 0.84). In Bland-Altman analyses, the 95% limits of agreement between these methods ranged from −0.096 to 0.112. Using an FFR cutoff value of 0.80, the sensitivity, specificity, and diagnostic accuracy of FFR angio were 88%, 95%, and 93%, respectively. The intraclass coefficient between 2 blinded operators was 0.962 with a 95% confidence interval from 0.950 to 0.971, P<0.001. Conclusions-There is a high concordance between FFR angio and invasive FFR. The color-coded display of FFR values during coronary angiography facilitates the integration of physiology and anatomy for decision making on revascularization in patients with stable coronary artery disease. Clinical Trial Registration-URL: https://www.clinicaltrials.gov. Unique identifier: NCT03005028.
F ractional flow reserve (FFR) is a physiological index that quantifies the hemodynamic impact of epicardial atherosclerotic stenoses. It is defined as the ratio of hyperemic myocardial flow in the presence of stenosis, to the hyperemic flow in its absence, and is obtained by measuring the ratio of distal coronary pressure and the aortic pressure, respectively, using pressure-measuring guidewires during maximal hyperemia. [1] [2] [3] FFR is considered the standard of reference for clinical decision making, particularly of angiographically indeterminate coronary lesions. Clinical outcome studies have shown that for nonsignificant lesions (FFR >0.80), medical therapy should be preferred, whereas in cases of significant stenoses (FFR ≤0.80), coronary revascularization should be considered. [4] [5] [6] [7] [8] [9] [10] [11] Accordingly, both the US and European guidelines recommend using FFR to guide the treatment strategy in stable coronary lesions.
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Nevertheless, for a variety of practical reasons, FFR measurements remain underused. Therefore, the ability to derive FFR values from routinely performed coronary angiograms, without the need for a pressure guidewire or hyperemic stimulus, could have an important impact on daily clinical practice by streamlining the workflow within the catheterization laboratory and avoiding the need for invasive coronary measurements. Validation of Image-Based FFR to flat detector angiograms for the evaluation of noninvasive FFR have been proposed. 14, [16] [17] [18] [19] [20] [21] However, the computational complexity of such simulations requires manual interaction and considerable processing time, which limits the application of these approaches in clinical practice. Nevertheless, these methods have shown that computer-based techniques are able to assess the hemodynamic significance of coronary lesions, emphasizing the potential of noninvasive FFR measurements in the catheterization laboratory.
FFR angio (developed by CathWorks, Ltd) provides a 3-dimensional (3D) functional angiography mapping of the coronary tree with superimposed, color-coded, FFR values. Stated another way, FFR angio displays a functional angiogram. This computational method is based on a rapid flow analysis after a classification of the dynamic characteristics of the vessels in conjunction with the patient's hemodynamic information, allowing to assess FFR using routine angiograms within a few minutes of automatic processing. All stenoses are converted into resistances in a lumped model, whereas scaling laws [22] [23] [24] are used to estimate the microcirculatory bed resistance. The FFR values at each point along each vessel are calculated from the ratio of hyperemic flow rates in the stenosed vessel versus the healthy vessel trees.
In the present report, we describe the theoretical basis and the practicalities of FFR angio , as well as its diagnostic accuracy and interobserver reproducibility compared with invasive FFR.
Methods
FFR angio
The primary element of FFR angio is the proprietary 3D rebuild of the coronary tree from 2-dimensional (2D) images. This is accomplished automatically by reconstructing the geometry of the tree, including its centerlines and cross-sections at each point along them, as well as the exact topology. The reconstruction is based on the known geometry of ≥3 projections from single-plane angiograms and uses epipolar ray tracing ( Figure 1 ) together with mathematical constraints enforcing the tree's structure. The system is able to construct each vessel separately such that each region/ branch/lesion is not necessarily reconstructed from the same views, yet at the same time the tree topology is preserved and adheres to that reflected in all of the 2D images. A self-validation step follows whereby the 3D shape of the coronary arteries is projected back onto the 2D images used in its recovery, allowing for this verification loop to be inspected by the user. Finally, the 3D engine contains a compensation mechanism, whereby it uses all available projections at once to compensate for the different x/y/z displacements apparent in the breathing and patient movements. In addition, panning of the table and C-arm is not recommended during the cine acquisition.
Several studies have described the use of stereo-geometry to recover 3D coronary shape. [25] [26] [27] [28] However, the uptake of the available technologies has been limited because of a low cost effectiveness and perceived value versus effort. It is, therefore, critical to reconstruct the 3D tree in an automatic fashion, with only minimal manual effort required to guide the processing. To achieve this, iterative multiplane ray tracing is repeatedly performed in FFR angio to recover the spatial position of the vessel nodes while compensating for breathing, table motion, and uneven cardiac cycle phase shifts.
Main vessels and side vessels (up to the first or second generation) must preserve the correct connectivity, stemming from the 2D projections. Segment-node representation is maintained, whereas uneven motion displacements are compensated for using iterated-closestpoint alignment.
The coronary tree, represented by position and diameter values for all vessels, can then be surfaced using a triangular mesh and rendered to display a 3D coronary model ( Figure 2) . Next, the system scans the entire reconstructed tree in 3D and analyzes each branch and each bifurcation (or trifurcation), looking for narrowed regions. Diameter stenosis is clinically defined as the proportion between the actual diameter of the measured vessel versus that of the healthy vessel. 29, 30 An automatic stenosis analyzer, therefore, requires 3 components critical to the proper evaluation of the extent of the lesion. Because stenoses vary in length, location, and spread, it is necessary to look at each vessel at different scales. The first is at the segment level, where a segment is defined as the portion of a vessel that connects 2 junctions. The second scale is the branch level, looking at the entire vessel as a whole. Finally, as a third scale, the junction level is where a parent branch bifurcates (or trifurcates) into secondary or tertiary branches. At each level, a tailored process starts with an accurate detection of vessel walls, followed by determination of the reference diameter. It then evaluates the magnitude of flow resistance because each narrowing is added to the tree.
A hemodynamic evaluation follows, where the contribution of each narrowing to the total resistance to flow is taken into account, and a subsequent lumped model is built. The contribution to the control of flow of certain vessels depends on their impact on overall resistance. The resistance of a vessel can be readily estimated from its length and diameter, applying Poiseuille law, and neglecting entrance effects and peculiarities of rheology. 31 Applying various models to infer resistance, based on Poiseuille forces, Bernoulli forces, and the resistance model described in the study by Kirkeeide, 32 all yield equivalent accuracies of the FFR angio values.
The extent of the model is such that it includes a stenosis and spreads distally as far as the resolution of the imaging modality allows. The number of bifurcations is limited by the resolution to which vascular width can be determined from the images (>0.5 mm), and the availability of a larger number of measurable bifurcations is a potential advantage for a more complete reconstruction of the detailed vascular resistance. The accumulated volume of the coronary vessels and total coronary length, calculated from a reconstruction of its geometry, enables an estimation of normal supply derived from the microcirculatory bed resistance.
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WHAT IS KNOWN
• Fractional flow reserve (FFR) is the gold standard for hemodynamic assessment of coronary intermediate stenoses but remains underused because of its invasive nature.
• Several image-based FFR methodologies exist that are based on computational fluid dynamics simulation.
• FFR angio uses routine angiograms to generate a complete 3-dimensional coronary tree with color-coded FFR values at any epicardial location, without the need of a pressure wire or hyperemic stimulus or the need of computational fluid dynamics simulation.
WHAT THE STUDY ADDS
• This multicenter study on >200 lesions demonstrates the diagnostic accuracy of FFR angio , which has a high sensitivity and specificity when compared with invasive FFR.
• FFR angio is unique in that it provides a comprehensive physiological assessment of the entire coronary tree within minutes, enabling online FFR measurement during the angiographic procedure.
The solution of the lumped model based on the inlet and outlet boundary conditions allows to evaluate ratios of flow rate for stenosed versus healthy coronary trees. A color-mapped mesh is then generated and displays the FFR values at every location, as long as the vessel diameter is not limited by image resolution.
Study Population
In this multicenter study, we included subjects aged ≥18 years who were diagnosed with stable angina, referred for coronary angiography, and in whom 50% to 90% diameter stenosis was present by visual estimation, and FFR measurements were performed for clinical reasons in at least 1 coronary artery. Patients with left main stenosis, ostial right coronary artery and left main stenosis, in-stent restenosis at the target vessel, previous bypass surgery, and diffuse coronary disease were excluded. In all cases, the stenosis was clearly delineated on the angiogram. The study was conducted in 2 time periods. The first one was a pilot study conducted in 2 centers (Rabin Medical Center, Petach Tikva, Israel, n=74 lesions; and Cardiovascular Center Aalst, Belgium, n=27 lesions), and the second was an extension of the first during which 2 additional centers recruited patients (Rabin Medical Center, Petach Tikva, Israel, n=31 lesions; Cardiovascular Center Aalst, Belgium, n=46 lesions; Columbia University Medical Center, New York, n=8 lesions; and Shaare Zedek Medical Center, Jerusalem, Israel, n=17 lesions). For this reason, the first 2 centers recruited more than the last 2 centers. Yet, it is important to emphasize that the algorithms and the methods were exactly the same. This report refers to the data obtained from both study stages and presents the combined analyses of all results collected. Baseline characteristics by site are available in Table I in the Data Supplement. The study protocol was approved by the Institutional Review Board or Ethics Committee at each center, and subjects gave informed consent where required.
Coronary Angiography
The diagnostic catheterization was performed using a 5F or 6F catheter according to local procedures, using either the radial or the femoral approach. After administration of intracoronary nitrates, 3 projections of the vessel to be measured were acquired at a magnification allowing visualization of the entire vessel, from proximal to most distal edge. The exact inclination of the radiographic tube was left to the operator's discretion. Care was taken to fill the artery as completely as possible with contrast medium and to image the entire coronary tree at each view. Coronary angiography cines were recorded at 15 frames per second (using AXIOM-Artis, Siemens; AlluraXper, Philips Healthcare; and Innova, GE Healthcare).
Invasive FFR Measurements
Invasive FFR measurements were performed using 6F guide catheters and a Certus Wire (Abbott, n=94 stenoses), an OptoWire (Opsens, n=9), or a Wave Wire (Philips, n=100). Hyperemia was obtained by adenosine, either by intracoronary administration (200 µg for the left coronary tree and 100 µg for the right) or by intravenous infusion (140 µg/kg per minute). Measurements obtained with adenosine intracoronary were repeated twice, and their mean value used for analyses; all tracings were stored for further review. Care was taken to document the exact anatomic position of the sensor during the invasive FFR measurements.
FFR angio Computation
For this validation study, invasive FFR measurements were recorded and stored electronically and in a case record that was established immediately. In contrast, the FFR angio computations were performed offline in a remote location by 2 operators not present in the catheterization laboratory, blinded to each other and to the invasive FFR results. The high-resolution Digital Imaging and Communications in Medicine files (>700*700 pixels) were stored on DVDs and shipped for off-line analyses. The FFR angio software device uses dedicated hardware. Each series of Digital Imaging and Communications in Medicine cine sequences were loaded and processed along with the patient's mean aortic pressure obtained at the time of the angiogram. User interaction was required to guide automatic processing and included verification of cardiac phase synchronization and proper extraction of vessel centerlines and radii. The automatic processing consisted of the 3D tree reconstruction and the flow estimation (case examples are presented in Figure 2 ).
To test interobserver variability, and the possible influence of human factors on the results of FFR angio , 2 independent operators analyzed all angiograms. The mean values were compared with the FFR measurements obtained with the invasive pressure wire, at the exact location of the sensor.
Statistical Approach
Standard summary statistical tests were used. The normality of measured variables was tested using the Shapiro-Wilk test. First, the consistency (absolute agreement) of the FFR angio values, as measured by the 2 independent operators, was assessed with the intraclass correlation coefficient. Then, linear regression with FFR angio (mean of the 2 independent operators) as the dependent variable and wire-based FFR as the predictor variable was performed, and the linear slope and intercept were calculated. To explore the agreement between invasive and noninvasive FFR estimates, Bland-Altman analyses were plotted, and the 95% limits (1.96*SD) of agreements were calculated. Estimated bias (defined as the mean difference between the 2 methods±SD) was calculated, and 1-sample t test was used to evaluate whether it differed significantly from zero. The receiver-operating characteristic (ROC) curve for FFR angio was plotted with wire-based FFR as the gold-standard binary classifier (threshold of 0.80); the C statistics and sensitivities and specificities for different FFR angio cutoff values were calculated. ROC curves for the percentage of diameter stenosis by visual estimation and for 2D quantitative coronary angiography (QCA) were similarly plotted, and C statistics of the ROC Figure 1 . Three-dimensional reconstruction is based on the known geometry of ≥2 projections and uses epipolar ray tracing together with topology-preserving constraints. A, The epipolar geometry's frame-of-reference for 2 projections. B, Segment-node representation is maintained, while uneven motion displacements are compensated for. Validation of Image-Based FFR curves were subsequently compared using χ 2 test. All FFR values <0.5 (n=5) were truncated to a default value of 0.50. The level of statistical significance was set at P=0.05. Statistical analyses were performed with Stata 13 and GraphPad Prism for Mac.
Results
A total of 199 patients were enrolled for the study, but analysis was performed only in 184 of them (123 men, 203 stenoses) because of protocol violation in 8 cases (eg, post coronary bypass surgery, aorto-ostial stenosis, and in-stent restenosis lesions) and inadequate quality of the angiogram in 7 patients. Baseline characteristics of all participants are presented in the The average intraclass correlation coefficient for the 2 measurements of FFR angio conducted by 2 different operators blinded to each other and blinded to the results of invasive FFR was 0.962 with a 95% confidence interval from 0.95 to 0.971 (P<0.001; Figure 3) . Figure 4 shows the correlation between the mean FFR angio value as the dependent variable and the wire-based FFR as the predictor variable and the corresponding Bland-Altman plots. The estimated bias was 0.007, indicating that FFR angio values Using 0.8 as a cutoff value for FFR angio and invasive FFR, the sensitivity, specificity, diagnostic accuracy, positive likelihood ratio, and negative likelihood ratio for FFR angio were 88%, 95%, 93%, 22, and 0.12, respectively. ROC curve analyses per hospital were made, and their C statistics were compared. The C statistics for FFR angio for each site was 0.99, 0.96, and 0.90, respectively, per order of sites (P=0.22). The C statistic for one site could not be calculated because of the small number of significant lesions analyzed.
Discussion
Main Findings
In the present validation study, we compared angiographyderived FFR values using the CathWorks proprietary technology (FFR angio ) to simultaneously obtained invasive FFR measurements. The study included patients with typical characteristics encountered in most trials dealing with percutaneous coronary intervention, including lesions associated with a large range of FFR values (0.5-1; mean=0.81±0.11). The 95% limits of agreement were found to be between −0.096 and +0.112. When continuous FFR values were dichotomized using the standard clinical cutoff value of 0.80, FFR angio achieved a diagnostic accuracy of 93%. Importantly, the fact that 67% of the lesions analyzed had invasive FFR values of 0.70 to 0.90, and 35% of the lesions had invasive FFR values between 0.75 and 0.85, that is, adjacent to the cutoff value, proves a high diagnostic accuracy for the entire clinically relevant range and not only in extreme cases. Moreover, a low interobserver variability was demonstrated for the FFR angio system.
When compared with other novel FFR methodologies including angiogram-based FFR, instant wave-free ratio, and 3D fractional flow reserve computed tomography, the limits of agreements evident with FFR angio are in-line and in most instances even lower. Trials on other angiographic FFR methods reported 95% confidence interval from ≈−0.15 to 0.18 (virtual FFR), 17 ≈−0.17 to 017 (fast virtual FFR), 18 and −0.12 to 0.12 (quantitative flow ratio [QFR] ). 21 An analysis on instant wave-free ratio used in 1129 patients showed the 95% confidence interval to be from −0.08 to 0.26 when compared with FFR. 35 CAD indicates coronary artery disease; MI, myocardial infarction; NSTEMI, non-ST-segment-elevation myocardial infarction; and PCI, percutaneous coronary intervention. The 3D QCA models were processed with CFD to calculate the lesion-specific pressure gradient (ΔP) and construct the ΔP-flow curve, from which the virtual functional assessment index was derived. The diagnostic accuracy of virtual functional assessment index to predict invasive FFR reached 88%.
All of these methods contribute to the continuing effort to add a physiology overlay to the base angiograms. However, to this moment, there is no commercially available solution allowing for a real-time calculation of hemodynamic measurements, and research is still needed to bring these techniques to clinical use. Large-scale studies shall follow to prove the applicability to daily practice. 
Clinical Applications
The image acquisition requirements and the user interface of an image-based FFR system should be designed to harmonize with the workflow of a catheterization laboratory. To achieve this, at least 3 conditions should be met.
First, data acquisition should minimally disrupt routine angiography. FFR angio only requires the acquisition of 2 to 3 conventional radiographic projections, in which the lesions can be clearly delineated. Care should be taken to visualize the entire coronary tree on the screen and to optimize filling. The acquisition angles needed for the FFR angio measurements require no deviation from the routine workflow. There is no need for vasodilation, nor any approximation of coronary flow. The images should be of high resolution (≥700×700), with a frame rate of at least 10 frames per second; all these parameters are routinely available in modern catheterization suites.
Second, the processing time should be as short as possible. In the present study, this aspect could not be quantified because the FFR angio processing was performed offline to ensure the blinding of the operators.
Third, the process should be as much operator independent as possible. The present version of the FFR angio technology requires minimal user guidance in the flow calculation process. This is translated into a low interoperator variability.
In addition, it seems desirable to provide the physician with a full physiological roadmap, rather than only single-vessel segments. Once such a complete physiological roadmap is derived from the classical angiogram and simultaneously displayed next to it, anatomy and function can be easily integrated into the clinical decision-making process.
Also, FFR angio technology and its 3D reconstruction and complete 3D QCA of the entire coronary tree allows for defining of the optimal projection for estimation of the lesion during the percutaneous coronary intervention procedure. In addition, the 3D reconstruction provided by the FFR angio technology allows demonstration and assessment of the lesion from any angle.
Finally, the virtual reconstruction of the normal vessel diameters based on the reference diameters extracted during the stenosis analysis can be used to simulate stent placement and to predict anatomic and physiological outcomes.
Limitations
Many limitations have to be acknowledged. (1) All patients in this study exhibited discrete, well-delineated, stenoses. Diffuse disease, ostial lesions, and in-stent restenosis were not included. Therefore, it is now essential to test the diagnostic accuracy of FFR angio in real-world consecutive patients. (2) Because the spatial resolution of the angiogram is close to the dimensions of the minimal luminal diameter in severe stenosis, the FFR angio values <0.50 were truncated to 0.50. This has likely decreased the degree of correlation. Yet, in clinical practice, however, this is of little importance because decisions made on the basis of such low values will not change. (3) All FFR angio measurements were done offline. While this enabled complete blinding of the readers, it does not correspond to the clinical scenario for which the measure has been developed. An online validation study is on its way. (4) The present study does not provide intraoperator variability. Yet, interobserver variability has been thoroughly studied and is expected to be larger than intraobserver variability.
Conclusions
The FFR angio shows a high concordance with invasive FFR and can be obtained within minutes in the setting of a regular coronary angiogram. If confirmed in a larger study, FFR angio appears as an easy means of integrating anatomy and physiology with high spatial resolution in the catheterization laboratory. This, in turn, may facilitate the adoption of FFR-based clinical decision making regarding coronary revascularization.
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